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Abstract 

Hereditary hemorrhagic telangiectasia (HHT) is an autosomal dominant vascular disorder. Circulating angiogenic cells (CACs) 
play an important role in vascular repair and regeneration. This study was designed to examine the function of CACs derived 
from patients with HHT. Peripheral blood mononuclear cells (PBMNCs) isolated from patients with HHT and age- and 
gender-matched healthy volunteers were assessed for expression of CD34, CD133 and VEGF receptor 2 by flow cytometry. 
PBMNCs were cultured to procure early outgrowth CACs. Development of endothelial cell (EC) phenotype in CACs was 
analyzed by fluorescence microscopy. CAC apoptosis was assayed with Annexin V staining, and CAC migration assessed by a 
modified Boyden chamber assay. mRNA expression of endoglin (ENG), activin receptor-like kinase-1 {ACVLR1 or ALK1) and 
endothelial nitric oxide synthase (eA/OS) in CACs was measured by real time RT-PCR. The percentage of CD34+ cells in 
PBMNCs from HHT patients was significantly higher than in PBMNCs of healthy controls. CACs derived from patients with 
HHT not only showed a significant reduction in EC-selective surface markers following 7-day culture, but also a significant 
increase in the rate of basal apoptosis and blunted migration in response to vascular endothelial growth factor and stromal 
cell-derived factor-1. CACs from HHT patients expressed significantly lower levels of ENG, ALK1 and eNOS mRNAs. In 
conclusion, CACs from patients with HHT exhibited various functional impairments, suggesting a reduced regenerative 
capacity of CACs to repair the vascular lesions seen in HHT patients. 
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Introduction 

Hereditary hemorrhagic telangiectasia (HHT), an autosomal 
dominant vascular dysplasia, affects approximately 1 in 5-8000 
people [1,2]. Patients with HHT often show characteristic 
mucocutaneous telangiectasia, and common clinical presentations 
are recurrent epistaxis, gastrointestinal bleeding, visceral arterio- 
venous malformations and iron deficiency anemia [3]. The most 
common forms of HHT, HHT1 and HHT2, have been linked to 
mutations in the endoglin (ENG) and activin receptor-like kinase 1 
(ACVLR1 or ALK1) genes respectively, both encoding putative 
receptors for the transforming growth factor-beta (TGF-(3) 
superfamily that play a critical role for the proper development 
of the blood vessels [4-6] . Mutations in SA1AD4 have also been 
identified in a subset of patients with a combined syndrome of 
HHT and juvenile polyposis [7] . 

The TGF-P signal transduction pathways involve type I and 
type II serine/ threonine kinasereceptors. TGF- (3 ligands bind type 
II receptors, leading to the subsequent recruitment of type I 
receptors to the ligand/receptor II complex. Phosphorylation of 
the type I receptors, results in phosphorylation/activation of 



intracellular effectors known as Smads [8,9]. ALK1 is a type I 
receptor while endoglin, primarily expressed in endothelial cells 
(ECs), is an accessory receptor which collaborates with ALK1 to 
promote cell migration and proliferation [10-13]. It has been well 
recognized that aberrant TGF-|3 signaling caused by ENG or ALK1 
mutations affects primarily ECs in HHT patients [14]. Protein 
levels of ENG and ALK1 have been demonstrated to be decreased 
in ECs from patients with HHT [15,16], which results in altered 
TGF-P signaling, thought to be responsible for the endothelial 
dysfunction which contributes to the vascular lesions typical for 
HHT. Circulating angiogenic cells (CACs), sometimes referred to 
as endothelial progenitor cells (EPCs), are derived from bone 
marrow and comprise a fraction of the circulating mononuclear 
cell population [17-19]. They can differentiate into mature, 
functional endothelial-like cells that can be incorporated into 
vessels and can produce angiogenic factors that contribute to 
vascular repair and regeneration. Most studies focussed on the 
exploration of EPCs for therapeutic angiogenesis or the examina- 
tion of EPCs as potential biomarkers for cardiovascular disease, 
have used cells that are generated by the culture of peripheral 
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blood mononuclear cells on fibronectin in vascular endothelial 
growth factor (VEGF)-containing medium [20-22]. These EPCs 
are not homogeneous but rather constitute a heterogenic 
population that mainly originates from myeloid hematopoietic 
cells [21-26]. Furthermore, phenotypic analysis has revealed few 
EPCs expressing stem/progenitor-cell markers [26]. These find- 
ings make it controversial to name these cells "EPCs" and the 
term "CACs" has been suggested, given that these cells have been 
shown to promote angiogenesis and vascular repair in various 
experimental settings [27-29]. We hypothesized that CAC 
function from patients with HHT is impaired, and can be 
demonstrated in a series of in vitro cell function assays. 

Materials and Methods 

Ethics Statement 

All protocols involving human samples were approved by the 
Research Ethics Board of St. Michael's Hospital, University of 
Toronto, in accordance with The Code of Ethics of the World 
Medical Association (Declaration of Helsinki). 

Patient Recruitment 

Informed written consent for study participation was obtained 
from all patients and healthy volunteers. We enrolled a total of 35 
patients clinically diagnosed with HHT with 31 with known 
mutations in either ENG or ALK1. Healthy age- and gender- 
matched volunteers (n = 33) served as controls. 

Cell Isolation and Culture 

Peripheral blood mononuclear cells (PBMNCs) were isolated 
from 80 ml of venous blood by Ficoll density gradient centrifu- 
gation. After 2 washes with phosphate buffered saline (PBS), 
PBMNCs were directly analyzed by flow cytometry for the 
expression of CD 34, CD 133 and VEGFR2, or plated at a density 
of 0. 75 x 1 0 / cm in human fibronectin-coated dishes or slides and 
cultured in endothelial cell basal medium supplemented with 20% 
human serum and various growth factors (EGM-2MV, Cambrex) 
to procure early outgrowth CACs. After 3 days non-adherent cells 
were removed and fresh culture medium was supplied. Cells were 
analyzed at day 7 with change of medium every other day. 

Flow Cytometry 

Freshly isolated PBMNCs were analyzed for expression of 
CD 34, CD 133 and vascular endothelial growth factor receptor 2 
(VEGFR2) by flow cytometry. A FITC-anti-human CD34 
antibody (Diatec, 1:100 dilution), a PE-anti-human VEGFR2 
antibody (R&D Systems, 1:50 dilution) and a PE-anti-human 
CD 133 antibody (Miltenyi Bio tec, 1:100 dilution) were used. 
PBMNCs were incubated with an appropriate antibody alone or 
in combination, along with the appropriate isotype controls, at 
4°C for 30 minutes in the dark. Following 2 subsequent washes 
with PBS, 1x10 s cells were resuspended in 500 ju.1 of PBS and 
analyzed using a Beckman Coulter flow cytometer. 

Immunofluorescence Microscopy 

Following a 7-day culture, development of an EC phenotype in 
CACs was assessed by cell uptake of Dil-Ac-LDL, binding of 
UEA-Lectin, and detection of VEGFR2 expression, as previously 
described [30-32] . For the Dil-Ac-LDL up-take assay, CACs were 
washed once with PBS and fluorescent dye labeled Dil-Ac-LDL 
(10 |J.g/ml), dissolved in serum free medium, was added to cells. 
Cells were cultured for 4 hours followed by 2 washes with PBS and 
fixed with 2% paraformaldehyde in PBS for 10 minutes. After 2 
washes with PBS, FITC-UEA-1 (1:200 dilution, Sigma) was added 



to cells and incubated overnight at 4°C. Following this incubation, 
cells were washed, counter stained with the nuclear marker 
ToPro3 (Molecular Probes) and mounted with VectaShield 
Mounting Medium. VEGFR2 immunostaining was done as 
follows; cells were washed 2 times with PBS and fixed with 2% 
paraformaldehyde in PBS containing 0.5% Triton X-100. After 2 
washes with PBS, anti-VEGFR2 antibody (Chemicon, 1:200 
dilution) was added to cells and incubated at room temperature for 
1 hour. Cells were washed with PBS followed by incubation with a 
FITC-conjugated secondary antibody (Invitrogen, 1:1000 dilu- 
tion). After 2 washes with PBS, cells were mounted using 
VectaShield with propidium iodide (PI). Dil-Ac-LDL/FITC- 
UEA-1 double positive cells and VEGFR2 positive cells were 
observed by confocal microscopy (Leica Microsystems and BioRad 
Laboratories), and the percentage of positive cells was calculated 
from at least 5 different fields against total cell number. The results 
were compared between CACs from HHT patients and healthy 
controls. 

Cell Apoptosis Assay 

Basal CAC apoptosis after a 7-day culture, and CAC apoptosis 
induced by TNF-a or serum starvation were analyzed using an 
AnnexinV FLOUS staining kit (Roche Applied Science, Indiana- 
polis, IN, USA) and flow ctyometry. CACs were exposed to TNF a 
(20 ng/ml) or serum free medium (SF) for 24 hours. Adherent 
CACs were detached from culture slides using PBS/ 1 mM EDTA, 
transferred to 1.5 ml eppendorf tubes and gently centrifuged at 
300 g for 10 minutes. CACs were then re-suspended in 400 JLll of 
Binding Buffer alone or in 400 JLll of Binding Buffer mixed with 
5 (ll of FITC-conjugated Annexin V and 5 fjl of 7-Amino- 
Actinomycin. After incubation in the dark for 15 minutes, cells 
positive for FITC-Annexin V were analysed by a Beckman 
Coulter flow cytometer. 

CAC Migration Assay 

Cell migration was assessed using a modified-Boyden chamber 
assay. CACs were detached from culture slides, washed with PBS 
and resuspended at a density of 5xl0 5 /ml in migration medium 
(EBM-2 medium containing 0.5% BSA). 500 |ll (2.5 xlO 5 ) of cells 
were then added into the top chamber of the modified Boyden 
chamber apparatus (BD Biosciences, 8 |J,m pores). The chemoat- 
tractants VEGF165 (Sigma) or stromal cell derived factor 1 (SDF1, 
R&D Systems), used to promote migration, were prepared with 
the migration medium at concentrations of 50 ng/ml and 100 ng/ 
ml, respectively. 500 |ll of chemoattractant or migration medium 
alone was added to the lower chamber. Following a 5 hour 
incubation period at 37°C migratory, cells present on the 
underside of the insert were fixed and stained using Diff Quik 
(Fisher Scientific) and visualized by light microscopy. Images were 
acquired for 5 randomly selected fields and the mean number of 
cells from these fields was determined. Data are presented as fold 
change in cell migration towards chemoattractant compared to the 
respective control basal migration. 

RNA Isolation, Reverse Transcription (RT) and Real Time 
PCR 

Quantitative RT-PCR was performed to assess ENG, ALK1 and 
eNOS mRNA expression in CACs. Total RNA was isolated using 
the RNAeasy kit (Qiagen) according to the manufacturer's 
instructions. Briefly, 0.5-1 xlO 6 cells were lysed in 700 \l\ Qiazol 
lysis reagent followed by extraction with 140 |ll of chloroform. 
The aqueous phase containing RNA was transferred to a new 
microtube and 1.5 volumes of 100% ethanol was added and 
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mixed. The sample was loaded into an RNeasy mini spin column 
followed by brief centrifugation. The column was washed with 
RWT and RPE buffers, and 40 jlxI of nuclease-free water was used 
to elute the RNA. The RNA sample was quantified by 
spectrophotometry. The first strand cDNA was generated by 
reverse transcription (RT) reaction using an Omniscript RT Kit 
(Qiagen). The RT components in a total volume of 20 U.1 
contained 2 (J.1 of 5 mMdNTPs, 5 (LXl of random primer (300 ng/ 
ml), 2 (J.1 of 1 0 x reaction buffer, 1 J_Ll of Reverse Transcriptase (4 
units), 1 of RNase inhibitor (1 unit), 1 U.g of RNA and nuclease- 
free ddH 2 0. RT was done by incubation at 37°C for 1 hour 
followed by enzyme inactivation at 65°C for 15 minutes. Real-time 
PCR was performed using the SYBR green kit (Applied 
Biosystems Inc.) on a 7900 HT Sequence Detection System 
(Applied Biosystems Inc.) with beta-actin gene used as an internal 
control. The reaction, in a 20 (_tl volume, contained 10 (J.1 of 1 Ox 
reaction buffer, 2 jLlI of RT product, 0.2 uM of gene specific 
primers and ddH 2 0. PCR was accomplished in three stages: stage 
1; 50°C for 2 minutes, stage 2; 95°C for 10 minutes, stage 3; 95°C 
for 15 seconds followed by 60°C for 1 minute. Stage 3 was 
repeated for 40 cycles. A dissociation curve was set up to 
determine the specificity of each gene amplification. The relative 
level of each mRNA normalized to beta actin was determined 
using the 2 _AACT method. Primers for each individual gene were 
designed to span introns to eliminate detection of genomic 
contamination. The following primer sequences were used: 
ENG; Forward 5'-AGCTGACTCTCCAGGCATCC-3', 
Reverse 5 ' -GCAGCTCTGTGGTGTTGACC-3 ' , 
ALK1; Forward 5 ' -GTGAGAGTGTGGCC GTC AAG-3 ' , 
Reverse 5 ' -C ATGTCTGAGGCGATGAAGC-3 ' , 
eNOS; Forward 5'-ACC CTC ACC GCT ACA ACA TC-3', 
Reverse 5'-GCC TTC TGC TCA TTC TCC AG-3', 
fi-aetin; Forward 5'-AGCCTCGCCTTTGCCGA-3', 
Reverse 5'-CTGGTGCCTGGGGCG-3'. 

Statistical Analysis 

As a normal Gaussian distribution could not be assumed, 
significance of differences was determined using the non- 
parametric Mann-Whitney test. A student's paired T-test was 
performed when analyzing results from paired migration assays. 
Data is presented as median ± interquartile range with P<0.05 
indicating a statistically significant result. 

Results 

Freshly isolated PBMNCs from HHT patients and healthy 
controls were immediately analyzed by flow cytometry for the 
expression of CD34, CD 133 and VEGFR2, or were cultured as 
described above to procure early outgrowth CACs that were 
further studied and compared between patients and healthy 
controls. The results for HHT1 and HHT2 patient samples were 
combined as no difference between these two sub-groups were 
identified. 

Study Subjects 

A total of 35 patients clinically diagnosed with HHT (3 1 with 
known mutations in either ENG or ALK1) and 33 healthy 
volunteers were recruited. Patient demographics were summarized 
in Table 1. 

Analysis of Circulating PBMNCs 

Flow cytometry was performed directly after PBMNC isolation. 
The forward scatter/side scatter density plot demonstrated 
variation in size and granularity of the cell types present within 



Table 1. Summary of Patient Demographics. 









Males 


Females 


Average 
Age (M) 


Average 
Age (F) 


Mutation 


Controls 


11 


22 


34.45±6.52 


40.09±8.53 


None 


HHT 


9 


26 


48.90±21.02 


43.60±14.24 


ENG (n = 22) 
ALK-1 (n = 9) 
SMAD4 (n = 2) 
Unknown 
(n = 2) 



doi:1 0.1 371 /journal.pone.0089927.t001 



the PBMNC population (Figure la). A manual gate was drawn 
around the monocytic/lymphocytic population and maintained 
constant during each run. Absence of 7-AAD staining demon- 
strated 99% viability of this population (Figures la and lb). 
Results from subsequent gated flow cytometric analyses revealed 
an increase in circulating CD34 + cells in patients with HHT when 
compared to controls (Figures lc and Id). The percentages of 
CD34 + positivecellswere 0.30±0.04% (n=12) and 0.16±0.04% 
(n= 12) for HHT patients and controls respectively (P<0.05, 
Figure le). There were no significant differences observed for 
CD 133+ cells or double CD34+/VEGFR2+ cells between patients 
and healthy subjects (data not shown). 

Phenotypic Study of Early Outgrowth CACs 

Semi-confluent CAC cultures were seen in the 2 groups after 7 
days. These CACs expressed minimal CD lib (<1%), a macro- 
phage marker, as determined by flow cytometric analysis (data not 
shown). CACs derived from patients with HHT appeared smaller 
in size and more rounded (Figure 2a) when compared to the 
spindle-shaped, elongated morphology of CACs derived from 
control subjects (Figure 2b). Development of an endothelial cell 
phenotype in CACs was assessed by cell uptake of Dil-Ac-LDL, 
FITC-UEA-1 staining and expression of VEGFR2 with immuno- 
fluorescence microscopy. For quantification, a minimum of 5 
images were taken at random, and the percentages of Dil-Ac- 
LDL/UEA-1 double positive cells (Orange, Figure 2c) and 
VEGFR2 positive cells (Green, Figure 2d) were calculated against 
the total cell number. The results showed that Dil-Ac-LDL/UEA- 
1 double positive cells were 53.4±5.1% (n = 23) and 75.0±3.9% 
(n = 15) for HHT patients and healthy controls respectively (J>< 
0.05, Figure 2e), and that VEGFR2 positive ceUs were 46.0±6.5% 
(n = 22) and 76.9±3.8% (n = 21) for HHT patients and healthy 
subjects respectively (/j<0.01, Figure 2f). 

CAC Apoptosis 

CAC basal apoptosis was measured by AnnexinV staining and 
flow cytometry. Figures 3a and 3b show representative dot plots of 
flow cytometric apoptosis analysis for CACs from a healthy control 
and a HHT patient, respectively. CACs from patients with HHT 
had an apoptotic rate of 13.65±3.52% (n = 4), which was 
significandy higher than that measured for healthy CACs 
(4.5±0.96%; n = 8,/><0.05; Figure 3c). Futhermore, cell apoptosis 
measured after exposure of CACs to TNFoc (20 ng/ ml) or serum 
free medium for 24 hours showed significant increases of cell 
apoptosis in both patients' and healthy controls' CACs. However, 
there was no difference between HHT and control CACs in their 
apoptotic response to TNFot or serum starvation stress (data not 
shown). 
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Figure 1. Increased CD34+ cells in PBMNCs isolated from HHT patients. Flow cytometric analysis showed that PBMNCs consisted of cells 
with different size and granularity (a), monocytic/lymphocytic population stained by fluorescent dye 7-AAD indicated over 99% cell viability (b). 
Manually gated cells for CD34 staining analysis were performed. A representative dot plot of CD34 analysis for a healthy volunteers and a HHT patient 
was shown in c and d, respectively. About 0.3% CD34+ cells were identified in PBMNCs from HHT patients, which was significantly higher than that in 
the control samples (e). *p<0.05, compared with healthy controls. 
doi:1 0.1 371 /journal.pone.0089927.g001 



CAC Migration 

CAC migration towards VEGF and SDF1 was assessed using a 
modified Boyden chamber assay. As shown in Figure 4a, in the 
presence of VEGF, a 4-fold increase of cell migration was 
observed for CACs from healthy controls (n = 6, p<0.05). No 
significant increase in cell migration towards VEGF was seen for 
CACs from HHT patients. Similarly, SDF1 induced a 3-fold 
increase of cell migration for CACs from healthy volunteers 
(Figure 4b). In contrast, there was no significant increase in cell 
migration towards SDF1 measured in CACs from HHT patients 
(Figure 4b). 

mRNA Expression for ENG, ALK1 and eNOS Genes in 
CACs 

The relative mRNA levels of ENG, ALK1 and eNOS were 
determined by real time RT-PCR with the beta-actin gene serving 
as an internal control. As ENG and ^4LA7mRNA levels were found 
reduced in CACs from both HHT1 and HHT2, the results for 
these 2 genes were combined (HHT1 and HHT2). As shown in 
Figure 5a, ENG mRNA levels in CACs from HHT patients 
(0.5474±0.1903) were significantly reduced as compared with 
healthy controls (0.9838 ±0.6401, jfr<0.05). Similarly, ALK1 



mRNA levels were decreased in CACs from patients with HHT 
(0.2389±0.1499 vs. 0.6205±0.2887, HHT vs. Control, p<0.05; 
Figure 5b). eNOS mRNA relative levels were 0.0471 ±0.0479 in 
CACs from patients with HHT, which was significantly lower than 
0.1 7 15 ±0.2287 measured in CACs from healthy controls (/><0.05, 
Figure 5c). eNOS expression has also been shown to be reduced in 
ECs from patients with HHT [33]. 

Discussion 

HHT is an autosomal dominant vascular disorder. Both animal 
studies and clinical data have established that mutations in ENG or 
ALK1 are responsible for the formation of the abnormal 
vasculature seen in the majority of patients with HHT [4—6], 
Abnormalities of endothelial cells due to ENG or ALK1 mutations 
are associated, and compatible with the vascular lesions in HHT 
[16]. CACs represent an important endogenous mechanism for 
vascular repair and regeneration, however their involvement in the 
pathogenesis of HHT has not been addressed. 

In the present study, assessments of various aspects of CAC 
function were performed, and the results from patients with HHT 
were compared with those from healthy controls. We measured 
the expression of CD34, CD 133 and VEGFR2 in freshly isolated 
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Figure 2. Reduced development of endothelial cellular phenotypes in CACs from HHT patients. CACs derived from patients with MHT 
appeared smaller in size and more rounded (a) when compared to the spindle-shaped, elongated morphology of CACs derived from control subjects 
(b). Dil-Ac-LDL/UEA-1 double positive cells (a representative image shown in c. Orange: double positive; green: UEA-1 positive; red: Dil-Ac-LDL 
positive; blue is nuclear stain) and VEGFR2 positive cells (a representative image shown in d. Green: VEGFR2 positive; red is nuclear stain) in CACs 
were analyzed by immunofluorescence microscopy. The results showed that percentage of Dil-Ac-LDL/UEA-1 double positive cells and percentage of 
VEGFR2 positive cells, both were significantly lower in CACs isolated from HHT patients (e and f). *p<0.05, compared with healthy controls. **p<0.01, 
compared with healthy controls. 
doi:1 0.1 371 /journal.pone.0089927.g002 



PBMNCs from patients and healthy subjects using flow cytometry. 
An increase in the percent of PBMNCs expressing CD34+ in 
HHT patients was observed, although there were no differences 



seen in the fraction of PBMNCs staining positive for CD 133 or 
CD34/VEGFR2. The total CAC number after seven days of 
culture did not differ significantly between the patients and healthy 
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Figure 3. Elevated basal cell apoptosis levels in CACs from HHT patients. Basal cell apoptosis in CACs after a 7-day culture was analyzed by 
Annexin V staining and flow cytometry. A representative dot plot of flow cytometric analysis for healthy and HHT CAC apoptosis was shown in panels 
a and b, respectively. Statistic analysis demonstrated that the levels of basal cell apoptosis in CACs from HHT patients were significantly higher than 
those in CACs of healthy individuals (c). *p<0.05, compared with healthy controls. 
doi:1 0.1 371 /journal.pone.0089927.g003 
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Figure 4. Suppressed cell migration towards VEGF and SDF1 in CACs from patients with HHT. Cell migration towards VEGF and SDF1 in 
healthy CACs increased by 4-folds and 3-folds, respectively, over the non-treated cells (a and b). In contrast, both VEGF and SDF1 induced HHT CAC 
migration was barely increased over the non-treated cells (a and b). *p<0.05, compared with cells without VEGF or SDF1 treatment. 
doi:1 0.1 371 /journal.pone.0089927.g004 



volunteers (data not shown). We speculate that the increase of 
circulating CD34+ cells in patients is a result of increased 
mobilization in response to pathological stimuli. 

ENG and ALK1 have been shown to be essential for the 
maintenance of endothelial cell morphology and structure. 
Fernandez et al. have shown that circulating blood outgrowth 
endothelial cells (BOECs) derived from patients with HHT appear 
larger and rounder compared to the characteristic endothelial 
cobblestone shape of BOECs from control individuals. Further- 
more, BOECs from individuals with HHT showed disorganization 
of the F-actin cytoskeleton, thought to be responsible for increased 
EC fragility and consequent capillary loss [16]. Vessel injur)' in 
HHT patients occurs randomly as a result of inflammation, 
trauma and other adverse insults, and therefore rapid and efficient 
repair of the endothelium is critical. CACs contribute to vascular 
repair through transdifferentiation into ECs as well as through the 



production of angiogenic growth factors. We demonstrated in this 
study that CACs from HHT patients not only displayed a 
disparate morphology, but also had a reduced ability to 
differentiate to EC linage cells. In addition, mRNA levels of 
eNOS, an important angiogenic agent, were found to be 
significandy lower in CACs from HHT patients. 

In response to systemic stimuli, CACs are released from bone 
marrow into the circulation, and home to the injury site to exert 
their regenerative and angiogenic effects [17,18,34]. Using a 
murine myocardial infarction model, Van Laake et al have shown 
that transplantation of PBMNCs from healthy human donors into 
ENG+/— mice was sufficient to restore vessel formation and to 
improve heart function, but PBMNCs from HHT patients were 
not [35]. They proposed that the differential behavior in the 
mouse myocardial infarction model may be a result of defective 
homing, transdifferentiation, proliferation, or secretion of angio- 
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Figure 5. Decreased expression of ENG, ALK1 and e/V05mRNAs in CACs from HHT patients. Relative mRNA levels for ENG, ALK1 and eNOS 
genes in CACs were measured by real time RT-PCR with (3-actin gene serving as an internal control. As shown in this figure, the mRNA levels of all 3 
genes detected were significantly lower in CACs from HHT patients than that in CACs from healthy subjects. *p<0.05, compared with healthy 
controls. 
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genie factors of PBMNCs from HHT patients, and suggested that 
further studies on CACs from HHT patients was necessary. Using 
an in vitro migration assay, we found that CACs from either HHT 
patients had a reduced migration towards VEGF and SDF1 as 
compared to CACs from healthy volunteers, suggesting CAC 
mobilization in HHT patients is compromised. 

It's known that various cardiovascular disease states attenuate 
CAC number, function, and survival [30,31,36,37]. However, 
littie is known about the survival ability of CACs from HHT 
patients. We detected a higher level of basal apoptosis in cultured 
CACs isolated from HHT patients, although there was no 
difference in cell apoptosis after exposure to serum starvation or 
TNF a treatment between the patient and healthy groups. It is 
likely that 24-hour serum starvation and TNF ot treatment are 
such powerful stimuli prompting cell apoptosis that the difference 
between the 2 groups is masked. Under conditions of serum 
starvation and exposure to TNF ot, CACs from both healthy 
volunteers and patients with HHT showed greater rates of 
apoptosis (data not shown). 

In this study, similar results were obtained in all experiments 
performed for CACs derived from HHT1 and HHT2 patients. It 
has been shown that ENG protein levels are decreased in ECs 
from both HHT1 and HHT2 patients, leading to aberrant TGF-P 
signaling, which is thought to be responsible for the similar cell 

References 

1. Bidcau A, Brunei G, Hcycr E, Plauchu H, Robert JM (1992) An abnormal 
concentration of cases of Rendu-Osler disease in the Valscrinc valley of the 
French Jura: a genealogical and demographic study. Ann Hum Biol 19: 233— 
247. 

2. Kjcldsen AD, Vase P, Green A (1999) Hereditary haemorrhagic telangiectasia: a 
population-based study of prevalence and mortality in Danish patients. J Intern 
Med 245: 31-39. 

3. Govani FS, Shovlin CL (2009) Hereditary haemorrhagic telangiectasia: a clinical 
and scientific review. EurJ Hum Genet 17: 860—871. 

4. McAllister KA, Grogg KM, Johnson DW, Gallione CJ, Baldwin MA, ct al. 
(1994) Endoglin, a TGF-beta binding protein of endothelial cells, is the gene for 
hereditary haemorrhagic telangiectasia type 1. Nat Genet 8: 345-351. 

5. Johnson DW, Berg JN, Baldwin MA, Gallione CJ, Marondcl I, ct al. (1996) 
Mutations in the activin receptor-like kinase 1 gene in hereditary haemorrhagic 
telangiectasia type 2. Nat Genet 13: 189-195. 

6. Bobik A (2006) Transforming growth factor-betas and vascular disorders. 
Artcrioscler Thromb Vase Biol 26: 1712-1720. 

7. Gallione CJ, Richards JA, Lettebocr TG, Rushlow D, Prigoda NL, ct al. (2006) 
SMAD4 mutations found in unselcctcd HHT patients. J Med Genet 43: 793— 
797. 

8. WranaJL, Attisano L, Carcamo J, Zcntclla A, DoodyJ, ct al. (1992) TGF beta 
signals through a hctcromeric protein kinase receptor complex. Cell 71: 1003- 
1014. 

9. Attisano L, WranaJL (2002) Signal transduction by the TGF-beta supcrfamily. 
Science 296: 1646-1647. 

10. Oh SP, Scki T, Goss KA, Imamura T, Yi Y, ct al. (2000) Activin rcccptor-like 
kinase 1 modulates transforming growth factor-beta 1 signaling in the regulation 
of angiogencsis. Proc Natl Acad Sci USA 97: 2626-2631. 

11. Goumans MJ, Valdimarsdottir G, Itoh S, Rosendahl A, Sideras P, et al. (2002) 
Balancing the activation state of the endothelium via two distinct TGF-beta type 
I receptors. EMBOJ 21: 1743-1753. 

12. Lebrin F, Goumans MJ, Jonker L, Carvalho RL, Valdimarsdottir G, et al (2004) 
Endoglin promotes endothelial cell proliferation and TGF-beta/ALKl signal 
transduction. EMBOJ 23: 4018-4028. 

13. ten Dijke P, Goumans MJ, Pardali E (2008) Endoglin in angiogenesis and 
vascular diseases. Angiogencsis 1 1 : 79-89. 

14. Fernandez-LA, Sanz-Rodrigucz F, Blanco 1J, Bcrnabeu C, and Botella LM 
(2006) Hereditary hemorrhagic telangiectasia, a vascular dysplasia affecting the 
TGF-p signaling pathway. Clin Med Res 4: 66-78. 

15. Abdalla SA, Pccc-Barbara N, Vera S, Tapia E, Pacz E, ct al. (2000) Analysis of 
ALK-1 and endoglin in newborns from families with hereditary hemorrhagic 
telangiectasia type 2. Hum Mol Genet 9: 1227-1237. 

16. Fernandez LA, Sanz-Rodrigucz F, Zarrabeitia R, Pcrez-Molino A, Hebbel RP, 
et al. (2005) Blood outgrowth endothelial cells from hereditary haemorrhagic 
telangiectasia patients reveal abnormalities compatible with vascular lesions. 
Cardiovasc Res 68: 235-248. 

17. Asahara T, Murohara T, Sullivan A, Silver M, van dcr Zee R, et al. (1997) 
Isolation of putative progenitor endothelial cells for angiogenesis. Science 275: 
964-967. 



behaviors observed in HHT1 and HHT2 ECs [16]. Although we 
did not explore the mechanism by which TGF-P signaling impacts 
CAC function, we found ENG mRNA was not only downregulated 
in HHT1 CACs but also in HHT2 CACs, similar to the finding in 
ECs. In conclusion, CACs from either HHT1 or HHT2 patients 
exhibited a reduced ability to differentiate to EC linage cells, 
decreased expression of eNOS, increased basal cell apoptosis and 
decreased migration towards VEGF and SDF1. These findings 
indicate that ENG or ACVRL1 mutations not only impact the 
somatic endothelium, as previously reported, but may also result in 
CAC dysfunction. This may result in a reduced regenerative 
capacity of CACs to repair the vascular lesions seen in HHT 
patients. 

Acknowledgments 

We would like to thank Dr. Michael Ward, Kathleen Thompson and 
James Kowalewski for their assistance in completing this project. 

Author Contributions 

Conceived and designed the experiments: LZ QZ MEF DJS MJK. 
Performed the experiments: LZ MAK IK. Analyzed the data: LZ QZ 
MJK. Wrote the paper: LZ QZ MJK. 



18. Shi Q, Rafii S, Wu MHD, Wijclath ES, Yu C, ct al. (1998) Evidence for 
circulating bone marrow-derived endothelial cells. Blood 92: 362—367. 

19. Quirici N, Soligo D, Caneva L, Servida F, Bossolasco P, et al. (2001) 
Differentiation and expansion of endothelial cells from human bone marrow 
CD133(+) cells. Br J Haematol 115: 186-194. 

20. Kalka C, Masuda H, Takahashi T, Kalka-Moll WM, Silver M, et al. (2000) 
Transplantation of ex vivo expanded endothelial progenitor cells for therapeutic 
neovascularization. Proc Natl Acad Sci U S A 97: 3422-3427. 

21. Urbich C, Heeschen C, Aichcr A, Dcrnbach E, Zeiher AM, et al. (2003) 
Relevance of monocytic features for neovascularization capacity of circulating 
endothelial progenitor cells. Circulation 108: 2511-2516. 

22. Lopez-Holgado N, Alberca M, Sanchcz-Guijo F, Villaron E, Almeida J, et al. 
(2007) Short-term endothelial progenitor cell colonies are composed of 
monocytes and do not acquire endothelial markers. Cytotherapy 9: 14-22. 

23. Hill JM, Zalos G, Halcox JP, Schcnkc WH, Waclawiw MA, ct al. (2003) 
Circulating endothelial progenitor cells, vascular function, and cardiovascular 
risk. N Engl J Med 348: 593-600. 

24. Hur J, Yang HM, Yoon CH, Lcc CS, Park KW, ct al. (2007) Identification of a 
novel role of t cells in postnatal vasculogencsis: characterization of endothelial 
progenitor cell colonics. Circulation 116: 1671-1682. 

25. Rohdc E, Malischnik C, Thaler D, Maicrhofcr T, Linkcsch W, ct al. (2006) 
Blood monocytes mimic endothelial progenitor cells. Stem Cells 24: 357—367. 

26. Rchman J, Li J, Orschell CM, March KL (2003) Peripheral blood "endothelial 
progenitor cells" arc derived from monocyte/macrophages and secrete 
angiogenic growth factors. Circulation 107: 1164-1169. 

27. Rehman J, Li J, Parvathancni L, Karlsson G, Panchal VR, ct al. (2004) Exercise 
acutely increases circulating endothelial progenitor cells and monocyte—/ 
macrophage-derived angiogenic cells. J Am Coll Cardiol 43: 2314—2318. 

28. Guven H, Shepherd RM, Bach RG, Capoccia BJ, Link DC (2006) The number 
of endothelial progenitor cell colonics in the blood is increased in patients with 
angiographically significant coronary artery disease. J Am Coll Cardiol 48: 
1579-1587. 

29. Fadini GP, Losordo D, Dimmclcr S (2012) Critical reevaluation of endothelial 
progenitor cell phenotypes for therapeutic and diagnostic use. Circ Res 110: 
624-637. 

30. Vcrma S, Kuliszcwski MA, Li SH, Szmitko PE, Zucco L, ct al. (2004) C-rcactivc 
protein attenuates endothelial progenitor cell survival, differentiation, and 
function: further evidence of a mechanistic link between C-reactivc protein and 
cardiovascular disease. Circulation 109: 2058-2067. 

31. Ward MR, Thompson KA, Isaac K, VecchiarelliJ, Zhang Q, ct al. (2011) Nitric 
oxide synthase gene transfer restores activity of circulating angiogenic cells from 
patients with coronary artery disease. Mol Ther 19: 1323—1330. 

32. Zhang Q, Kandic I, BarfieldJ, Kutryk MJ (2013) Co-culture with late but not 
early human endothelial progenitor cells up-regulates IL- 1 p 1 gene expression in 
THP-1 monocytic cells in a paracrine manner. Stem Cell International 2013: 
859643. 

33. Fernandez-Lopez A, Garrido-Martin EM, Sanz-Rodriguez F, Pericacho M, 
Rodrigucz-Barbero A, et al. (2007) Gene expression fingerprinting for human 
hereditary hemorrhagic telangiectasia. Hum Mol Genet 16: 1515-1533. 



PLOS ONE | www.plosone.org 



7 



February 2014 | Volume 9 | Issue 2 | e89927 



Circulating Angiogenic Cell Dysfunction 



34. Urbich C, Dimmcler S (2004) Endothelial progenitor cells: characterization and 
role in vascular biology. Circ Res 95: 343-353. 

35. van Laake LW, van den Drieschc S, Post S, Janscn MA, Driesscns MH, et al. 
(2006) Endoglin has a crucial role in blood cell-mediated vascular repair. 
Circulation 114: 2288-2297. 



36. Vasa M, Fichtlscherer S, Aicher A, Adlcr K, Urbich C, et al. (200 1) Number and 
migratory activity of circulating endothelial progenitor cells inversely correlate 
with risk factors for coronary artery disease. Circ Res 89: El— 7. 

37. Tcpper OM, Galiano RD, CaplaJM, Kalka C, Gagne PJ, et al. (2002) Human 
endothelial progenitor cells from type II diabetics exhibit impaired proliferation, 
adhesion, and incorporation into vascular structures. Circulation 106: 2781- 
2786. 



PLOS ONE | www.plosone.org 



8 



February 2014 | Volume 9 | Issue 2 | e89927 



